We have cloned and sequenced a fragment of the chicken genome approximately 9 kilobases in length that comprises the genes encoding the 6 and 'y subunits of the nicotinic acetyicholine receptor. The two genes are homologous and have identical structures: both consist of 12 exons, some of which precisely correspond to predicted structural domains of the receptor subunits. The 8 and y subunit gehes are encoded by the same DNA strand and are very closely linked, there being only 740 base pairs between the last codon of 8 and the initiator codon of y. Blot analysis demonstrates that the genes
we describe are unique in the genome. Comparison of the predicted protein sequence for the correspodding subunits of chicken and of the elasmobranch Torpedo reveals a high degree of conservation in Aome but not all of the protein domains.
The nicotinic acetylcholine receptor (AcChok) mediates synaptic transmission at the vertebrate neuromuscular junction. Located in the folds of the postsynaptic membrane, the AcChoR is a cation channel whose opening is triggered by acetylcholine. AcChoR activation normally results in an influx of Na' that depolarizes the postsynaptic membrane and leads to muscle contraction. The AcChoR is the best understood of all ligand-gated ion channels due to its relative abundance in the electrocytes of Torpedo or Electrophorus, from which workable quantities of receptor can be purified. The receptor is a pentamer of four different subunits in the stoichiometty a2f8W. All subunits are glycosylated and span the membrane. They assemble into a barrel-shaped structure whose central cavity is thought to be the gatpd ion channel (for recent reviews see refs. [1] [2] [3] . That the four subunits participate in the assembly of a single functional AcChoR molecule was elegantly verified by showing that all four mRNA species must be injected in Xenopus oocytes to allow detection of physiologically active receptor (4) . Microsequencing of the amino ends of the four purified Torpedo subunits demonstrated that they were related and suggested that they had evolved from an ancestral gene by a series of duplications (5) .
Several laboratories recently succeeded in cloning and sequencing some (6) (7) (8) (9) or all (10) (11) (12) of the cDNAs encoding the four subunits of Torpedo AcChoR. It was found that there is significantly more homology between the deduced protein sequences of the a-,8 and y-8 pairs than between any other combinations of subunits, suggesting that an initial duplication of the ancestral gene had given rise to two protogenes, one of which later yielded the y and 8 genes while the other gave rise to the a and p genes (12) . Moreover, all subunits were shown to have four very hydrophobic stretches three of them closely grouped-of sufficient length to span the membrane. This finding suggested a model for the transmembrane insertion of the receptor whereby each subunit weaves four times through the membrane to yield an assembly of twenty transmembrane a helices, a subset of which constitutes the channel per se (8, 9, 12) . A related model (13) predicts that there is yet a fifth transmembrane helix in each subunit and that its marked amphiphilic character provides polar residues to the channel's interior.
In (14) . Erythrocyte DNA (the gift of France Keppel) was used to construct a library in the vector phage X L47 (15) . A detailed account of our procedure has been published (16) . Briefly, the target DNA was partially digested with Mbo I and 15-to 25-kilobase (kb) fragments generated by several degrees of digestion were pooled and ligated between the BamHI sites of the vector. In vitro packaging was according to ref. 17 . The initial library consisting of 5 x 106 recombinants was amplified 105 times on a phage P2 lysogen.
Library Screening. The original procedure (18) has been adapted to permit screening of 5 x 104 phage per 10-cm plate. After transfer of the phage to nitrocellulose membranes and processing, the filters were incubated in 5 x standard saline/phosphate/EDTA (SSPE)/5x Denhardt's solution/0.1% NaDodSO4 containing sonicated and denatured salmon sperm DNA at 100 ,ug/ml and denatured probe at 5 x 1 dpm/ml, at 580C for 18 hr. After hybridization the filters were washed extensively in several changes of 2x standard saline/citrate (NaCl/Cit)/0.01% NaDodSO4 at room temperature. SSPE, Denhardt's solution, and NaCl/Cit (SSC) are standard hybridization reagents (19) .
Radioactive probes (1-2 x 108 dpm/,ug) were prepared by nick-translation (20) of whole plasmids or of gel-purified restriction fragments. Phage Analysis and Subcloning. Recombinant phage giving a positive signal in plaque hybridization were purified by several cycles of plating at low density. Phage stocks were grown in liquid culture by standard procedures and purified on equilibrium CsCl gradients. Phage DNA was prepared by phenol/chloroform extraction. The inserts were mapped by agarose gel electrophoresis of appropriate restriction digests. The mapping gels were blotted to nitrocellulose membranes (21) which were incubated with labeled cDNA probes and prepared for autoradiography exactly as described [4] [5] [6] hr. They were then incubated overnight in a small volume of the above solution to which 10% dextran sulfate (Pharmacia) and a radioactive probe had been added. The filters were washed in several changes each of 2x NaCl/Cit at room temperature, then lx NaCl/Cit/0.2% NaDodSO4 at 65°C, and finally 0.5x NaCl/Cit/0.2% NaDodSO4 at 65°C over a total time of 3-5 hr.
RESULTS AND DISCUSSION
Close Linkage of the 8 and y Genes. Phage c106 and c102 ( Fig. 1 and Methods) were originally screened from our chicken genomic library with a Torpedo y cDNA probe (6) . In the process of subcloning restriction fragments from the genome of c106, we noticed that in addition to fragments giving a strong signal there were fragments yielding faint but reproducible signals when hybridized to the probe. We then decided to subclone and sequence the whole region covered by the two phages and found it to encode the entire 8 and y genes of chicken AcChoR.
In control experiments, a Torpedo 8 subunit cDNA probe (25) hybridized strongly to chicken 3 genomic fragments present in c106. Moreover, a screen of the chicken library with the Torpedo probe yielded a set of phage identical to or overlapping c106. Restriction analysis of the region encompassed by phage c106 and c102 yielded the map shown in Fig. 1 . We made use of the high frequency of Pst I sites (an average of one site in 900 bp) to construct a battery of contiguous subclones. Overlapping subclones were also constructed from the other restriction sites shown in Fig. 1 (see Methods).
We sequenced 9000 bp of continuous DNA, comprising the 3 and y subunit genes from a point located about 900 bp 5' to the (putative) initiator codon of the 3 gene to a point 240 bp 3' to the ultimate triplet of the y gene. As summarized in Fig. 1 , we found that both genes are encoded by the same DNA strand and that there are only 740 bp in the intergenic region separating the last codon of the gene and the initiator codon of the y gene.
Structure of the and y Genes. The 3-and y-subunit genes are quite compact (about 3300 and 4000 bp, respectively) and have very similar structures (Figs. 1, 2, and 3 In addition, the figure shows the hybridization pattern obtained from the control lanes in the gel, in which appropriate quantities of digested DNA from the recombinant phages c102 and c106 had been loaded as follows: C3 and D3, c106 digested with BamHI; C4 and D4, c106 digested with HindIII; C5, c102 digested with BamHI; C6, c102 digested with HindIII. The sizes of the various bands were obtained by calibration with HindIII-digested X phage DNA.
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another sequence be found with the following required features: (i) an initiator ATG flanked by a purine at -3 (27), (ii) followed by a sequence encoding a hydrophobic core, and (iii) interrupted by an acceptor splice site connecting the signal sequence to exon 2 in the appropriate phase. The same argument applies to the proposed exon 1 of the 8 gene (Fig.   2 ), but in that case we cannot exclude that another sequence with the required features is present further upstream. The intergenic region contains a single canonical polyadenylylation signal 77 bp downstream from the termination codon of the 8 gene (Fig. 2) . No such site is present in the 240 bp we sequenced downstream from the terminator of the y gene. The 8 and y Genes Are Unique in the Chicken Genome. Chicken DNA was digested by several restriction enzymes and the fragments were separated by electrophoresis on agarose gel, blotted on nitrocellulose, and hybridized to labeled probes encoding known 8 and y genomic sequences. These probes were produced by nick-translation of the purified eukaryotic inserts of the relevant subclone plasmids. As indicated in Fig. 1, the 8 probe (pl.6, 1650 bp) and the y probe (p9, 1280 bp) respectively encompass exons 4-10 and 2-6 of the corresponding genes. As evidenced by the autoradiographs of Fig. 4 (A and B, lanes 1) both probes hybridize to a very large (>23 kb) EcoRI fragment. When this fragment is cut further by HindIII (Fig. 4 A and B, lanes 2 ) the 8 and y probes hybridize to distinct fragments 11.0 and 4.8 kb in length, respectively. This result establishes the colinearity of the two genes on an EcoRI fragment bearing at least one HindIII site between the probed sequences. In addition, the simple hybridization pattern seen in this experiment indicates that the 8 and y genes are unique in the genome.
The blots presented in Fig. 4 From these observations we conclude that the genomic organization of the 8 and y genes is faithfully conserved in the cloned sequences and that the gene pair is unique in the chicken genome.
Recent reports (25, 28) have established that the 8 and a subunit genes are unique in the Torpedo genome.
Homology of the 6 and y Proteins. The predicted primary sequences of the mature 8 and y subunits of chicken AcChoR are respectively 495 and 492 residues in length (calculated molecular weights are 57,215 for 8 and 56,484 for y). As shown in Fig. 5 , they can easily be aligned with the corresponding Torpedo subunits and so can the two sets of subunits. The 8 and y subunits of chicken AcChoR have an overall homology of 63% with the corresponding Torpedo subunits and of 49% between themselves. Most of the features detected in the analysis of Torpedo AcChoR subunits are also found in the chicken subunits. In particular, the hydropathy profiles (29) of all subunits that have been sequenced are essentially superimposable (not shown). Conservation is not evenly distributed throughout the molecules: it is highest in the extracellular aspect of the subunits, particularly in the region thought to encompass the acetylcholine binding site on the a subunit (encoded by exons 4 and 5) and in the main transmembrane region containing hydrophobic stretches 1-III (encoded by exons 7-9). The high degree of conservation between the main transmembrane regions of such distantly related vertebrates as chicken and Torpedo strongly suggests that those sequences are part of the channel per se and that DNA probes encoding them may detect kindred channel genes throughout the animal kingdom.
We found that the four transmembrane regions thought to anchor the subunits in the membrane and to assemble into a channel are each encoded by a separate exon in the 8 and y genes. This finding constitutes a clear example of the fact that particular structural domains in a protein often are encoded by separate exons.
The segments of the 8 and y subunits that show the poorest homology are those encoded by exons 11. It is worth noting, however, that the COOH-terminal halves of those segments are predicted to be a-helical by Garnier analysis (30) and that the a helices are clearly amphiphilic (wheel diagrams not shown) in this region, as was found to be the case in the corresponding regions of the four Torpedo subunits. This observation supports but does not constitute a test of the model (13) whereby in each-subunit a fifth, amphiphilic, a-helix traverses the membrane and supplies hydrophilic side chains to the channel.
In conclusion, we note that there is sound immunological and biochemical evidence for the presence in chicken brain of a nicotinic AcChoR with properties similar to but distinguishable from those of the AcChoR at the neuromuscular junction (31, 32) . It will be interesting to see if our set of chicken AcChoR probes detects related sequences in brain cDNA libraries. In addition, the compact and closely linked 8 and 'y subunit genes offer a potentially fruitful model system for transcriptional studies, as their expression is tissue specific and probably coregulated.
